We report the discovery of a planet -OGLE-2014-BLG-0676Lb-via gravitational microlensing. Observations for the lensing event were made by the MOA, OGLE, Wise, RoboNET/LCOGT, MiNDSTEp and µFUN groups. All analyses of the light curve data favour a lens system comprising a planetary mass orbiting a host star. The most favoured binary lens model has a mass ratio between the two lens masses of (4.78 ± 0.13) × 10 −3 . Subject to some important assumptions, a Bayesian probability density analysis suggests the lens system comprises a 3.09 −0.83 kpc. Planet OGLE-2014-BLG-0676Lb provides additional data to the growing number of cool planets discovered using gravitational microlensing against which planetary formation theories may be tested. Most of the light in the baseline of this event is expected to come from the lens and thus highresolution imaging observations could confirm our planetary model interpretation.
INTRODUCTION
To date, 47 planets in 45 planetary systems have been discovered by microlensing 1 . Discovering planets via microlensing (Mao and Paczynski 1991) offers a number of advantages over either the transit (Borucki et al. 2011) or radial velocity (Marcy et al. 2005) methods. Principal among these is the fact that gravitational microlensing is most sensitive to planets orbiting at a few AU away from typical host stars, which is of particular interest to planetary formation theorists. This is because these orbital radii correspond to the location of the "snow-line"-the radius around a star beyond which both volatile and refractory material is present in a protoplanetary disk and according to the core-accretion theory of planetary formation, just beyond the snow line is where the most active planet formation occurs (Ida and Lin 2005) . Understanding the distribution of planets in this region is therefore of particular importance.
The probability that any given star is magnified by a foreground lens object is very small -around 10 −6 (Sumi et al. 2013) . For this reason, microlensing survey observations are carried out towards the dense stellar fields of the Galactic bulge and the Magellanic Clouds. The concomitant challenges of analysing crowded stellar field images, providing real-time analysis of light curve data and the timely notification of colleagues at instruments spaced in longitude regarding ongoing events have been tackled by the groundbased microlensing community over the last two decades. See Gaudi (2012) for a review.
Having demonstrated its worth as a planet-detection method, planet-hunters are now using space telescopes to obtain follow-up observations of gravitational microlensing events detected from ground-based surveys. This is a step towards the fully spaced-based observations proposed some time ago (Bennett and Rhie 2002; Rattenbury et al. 2002) and which now is being realised with Spitzer observations of microlensing events (see e.g. Poleski et al. (2016) ; Bozza et al. (2016) ; Yee et al. (2015) ). Furthermore, microlensing events are being monitored in Campaign 9 of the K2 space telescope mission during the present 2016 microlensing season (Henderson et al. 2015; Penny et al. 2016) , and there is great anticipation regarding the performance of microlensing as part of either or both of the Euclid and WFIRST space telescope missions (Beaulieu et al. 2013; Spergel et al. 2015; Yee et al. 2014) .
For now, the work of the microlensing community remains -in part -to continue to report each planetary microlensing discovery, in order to power the statistical analyses that are informing us on the planet demographics of the Galaxy (Shvartzvald et al. 2016b; Sumi et al. 2011; Cassan et al. 2012; Gould et al. 2010) , and which may challenge the present understanding of how planetary systems form.
Several ground-based observation programmes routinely monitor dense stellar fields to search for microlensing events. The Microlensing Observations in Astrophysics collaboration (MOA, Bond et al. (2001) , Sumi et al. (2003) ), the Optical Gravitational Lensing Experiment (OGLE, Udalski et al. (2015) ) and the Korea Microlensing Network (KMTNet, Kim et al. (2016) ) are continuing their microlens-1 exoplanet.eu ing survey operations. More details on these collaborations are given in Rattenbury et al. (2015) .
The Wise Observatory Group operates a 1 metre telescope at Wise Observatory in Israel. This instrument comprises the Large Area Imager for the Wise Observatory (LAIWO) camera which has a 1 square degree field of view. At the time of event OGLE-2014-BLG-0676/MOA-2014-BLG-175, the Wise Observatory was conducting a survey for microlensing events (Shvartzvald et al. 2016b) .
The survey collaborations issue alerts to the broader community when each new microlensing event is discovered. Particular attention is drawn to those events showing evidence for perturbations which could be owing to a planet, or which are predicted to have a high sensitivity to such perturbations. Confirmatory and supporting observations are sought and made by follow-up observation groups such as µ-FUN (Gould et al. 2010) , PLANET (Albrow et al. 1998) , RoboNet (Tsapras et al. 2009 ) and MiNDSTEp . Preliminary models explaining the data in hand are computed by human and artificial experts alike (see e.g. Bozza (2010) ; Bozza et al. (2012) 2 ) to inform any further commitment of follow-up resources.
This work reports the discovery of planet OGLE-2014-BLG-0676Lb via gravitational microlensing, using survey and follow-up data. In Sections 2 and 3 we describe the data and their treatment, respectively. We describe our modelling of the observed light curve data in Section 4. An analysis of the microlensed source star is given in Section 5 and the planet parameters estimated from a probability density analysis are presented in Section 6. We discuss and conclude our work in Section 7. • , −2.092892 • ). The OGLE light curve for this event comprises 4115 data points in the I band. The MOA light curve comprises 24659 data points, taken in the custom MOA-red filter, which has a passband corresponding to the sum of the standard R and I filters. 468 I band observations were obtained with the Wise telescope. In addition to these survey data sets, further observations were made by the RoboNET collaboration using the Las Cumbres Observatory Global Telescope (LCGOT, Brown et al. (2013) ), and the Danish 1.54 metre telescope at ESO La Silla, Chile as part of the MiNDSTEp microlensing follow-up programme . 7, 2 and 13 observations of the event in the SDSS-i passband were made using the 1 metre LCOGT telescopes at their SAAO, Siding Springs and CTIO observatories, respectively. 16 observations were made with the Danish 1.54 metre telescope. 
OBSERVATIONS

DATA REDUCTION
The OGLE data for this event were generated from image data via the OGLE difference imaging pipeline (Udalski 2003) . The images obtained by the MOA telescope were reduced by the difference imagine pipeline of Bond et al. (2001) . When performing difference imaging on a crowded stellar field, the photometry of a star can be affected by a neighbouring star of a different colour, owing to the differential refraction effect of Earth's atmosphere. The MOA light curve data were corrected for differential refraction. The OGLE and Wise data did not require this correction. The Wise data were reduced using the pySis DIA software (Albrow et al. 2009 ). The RoboNET data were reduced using DanDIA and the MiNDSTEp data were reduced using a modified version of DanDIA for use with EMCCDs (Bramich 2008; Bramich et al. 2013) . The MiNDSTEp instrumental R-band light curve data were converted to I-band magnitudes using a photometric calibration between the MiNDSTEp and OGLE photometry scales (M. Hundertmark, private communication). The µ-FUN collaboration took a few observations in the I and H bands, however these data were not obtained with a view to constraining the parameters of a binary light curve model and are therefore not included here. The MOA collaboration did not obtain any V-band images of this event. While the OGLE collaboration did take some V-band images of the event field, the source star does not appear on their reference images, thus no measurement of the magnified source is possible. The MOA and OGLE survey datasets were trimmed to include only data from the 2013 -2015 microlensing seasons for the purpose of finding candidate models to explain the data. This trimming was done to avoid any problems arising from any long timescale systematic errors in the event's baseline photometry, caused, for example, by flatfielding inconsistencies over the timescales of years. The binary nature of the lens system is seen in the light curve data at times JD = JD − 2450000 ∈ [6775, 6779] days. Any data points outside this time interval which provide a contribution to χ 2 > 16 with respect to a preliminary well-fitting binary lens model were discarded. Errors on the light curve data were rescaled to give χ 2 /dof = 1. The final data sets used for modelling are summarised in Table 1 .
BINARY LENS MODELLING
The parameters for the simplest binary lens model assuming a finte-sized source star are the mass ratio, q = Mp/ML; the separation, s, of the two mass elements in the binary lens system; the angle α that the path of the source star subtends with respect to the line defined by the two mass elements in the binary lens; the impact parameter u0; the time interval tE which the source takes to traverse the Einstein radius; the epoch t0 which corresponds to when the source is at position u0; and the source star radius ρ ≡ θ /θE. θ and θE are the angular sizes of the source star and Einstein ring radius respectively. u0 is measured in units of θE from the centre of mass of the lens system, s is measured in units of the Einstein ring radius and Mp and ML are planet and host lens masses respectively.
Initial binary lens models were found by performing a wide grid search over the parameters q, s and α, allowing the parameters u0, t0, tE and ρ to vary. Starting from several good candidate binary lens solutions found in the grid search, we refined these models using an adaptation of the image-centred ray-shooting method of Bennett (2010) . The limb-darkening of the source star is included in our modelling through a linear profile. The surface brightness of the source star is given by
where θ is the angle between the line of sight and the normal to the stellar surface and u λ is the limb-darkening coefficient for a particular filter colour. The source star's (V − I) colour determines our values of the limb-darkening coefficients. However, this colour estimate for the source is model dependent. We therefore iterated our analysis for producing a best-fitting binary lens model and the analysis leading to an estimate of the source colour -and thence to values of u λ , see Section 5 -until the iterative analysis converges on values of u λ .
The parameters for our best-fitting binary lens models are shown in Table 2 . The columns entitled "Wide" and "Close" list the parameter values for the best-fitting basic binary lens models. The model names -"Wide" and "Close" -reflect the different values of the separation, s, between the binary lens masses. In terms of χ 2 , the Wide model is preferred over the Close model by only ∆χ 2 0.5. That degenerate models exist with values s and 1/s for source star tracks passing close to the central caustic is well-known in planetary microlensing (Dominik 1999) . The light curve data and best-fitting model curve for event OGLE-2014-BLG-0676Lb is shown in Figures 1 and 2 . The caustic curves and source star track is shown in Figure 3 .
The effect of parallax arising from Earth's orbital motion around the Sun (Gould 1992; Alcock et al. 1995) can allow an estimation of the distance to the lens system, and thereby a unique determination of the lens system properties -in particular the absolute values of the masses of the lens components and the separation between them. In terms of modelling microlensing light curves, we introduce two additional parameters πE,E and πE,N that are the east and north components of the parallax vector πE. We can find the mass of the host star and its distance from Earth as follows:
where θE is the angular Einstein ring radius, πS = AU/DS and κ = 4G/(c 2 AU) = 8.144 mas/M (Gould 2000) . In addition to a measurement of parallax, πE, we also need an estimate of the distance to the source star, DS, and an estimate of the absolute angular source star size which, combined with a modelled value of the source star size, gives Table 2 . The epoch when the OGLE collaboration issued an alert for this event is indicated with a black arrow. Data with extremely large errors are omitted.
us an estimate of θE. The value of tE for the basic binary lens models is ∼ 100 days, so hopes were high that parallax might be detectable in this event. Disappointingly however, when we included parallax in our modelling for this event we could improve the model fit to the data by only ∆χ 2 23. While this improvement seems prima facie significant, there are two sources of concern shedding doubt on this measurement of parallax. Firstly, and perhaps most tellingly, the improvement in χ 2 comes from the model fitting a set of incoherent and noisy MOA data in the baseline, giving rise to the improvement in overall χ 2 . Secondly, the modelled values of πE are unusually higher than those seen in typi- cal parallax events -casting further doubt on the validity of the parallax models. The high degree of blending in this event, see below, possibly explains why parallax was not observed in this event, similar to event OGLE-2015-BLG-1319 (Shvartzvald et al. 2016a ). For these reasons we do not consider that we have a reliable measurement of parallax for event OGLE-2014-BLG-0676/MOA-2014-BLG-175. Despite the improvements in χ 2 afforded by our best-fitting parallax models, we accept the binary lens models without parallax as our favoured explanation for this event.
Looking at Figures 1 and 2 , we see that the Wide binary lens model fits the data well through the second caustic crossing and exit at times HJD 6778.0 -6778.1 days. The second caustic crossing was only observed by the MOA collaboration, but the interval between the caustic crossings was well covered by MOA, OGLE and Wise observations. No data were recorded during the first caustic crossing.
SOURCE STAR
Combined with our modelled values of ρ and tE, an estimate of the angular size of the source star θ provides an estimate of the angular Einstein ring radius θE via θE = θ /ρ. This can provide tighter constraints on the binary lens mass and separation, see e.g. Suzuki et al. (2014) . We can use published colour-radius relationships to obtain an estimate of θ , once we have an estimate of the source star colour.
We start by cross-matching the field stars in the MOA and OGLE-IV photometric catalogues in a 2 arcminute region centred on the co-ordinates of event OGLE From the best-fitting model, we obtain the instrumental source magnitude and colour (IOGLE−IV, (RMOA − IOGLE−IV)) and using the above two relationships we obtain the source colour in the calibrated OGLE-III photometric scale: IS = 23.512 ± 0.11 (V − I)S = 4.27 ± 0.11 where the errors above include -in quadrature -modeldependent errors in estimating instrumental baseline magnitudes, and the uncertainties associated with the linear relationships above. A colour-magnitude diagram of the OGLE-III field stars within 60 arcsec of event OGLE-2014-BLG-0676/MOA-2014-BLG-175 is shown in Figure 4 .
We need now an estimation of the extinction and reddening suffered by the source star. We make the usual assumption that the source star resides in the Galactic bulge and that it suffers the same degree of extinction and reddening as Red Clump Giant (RCG) stars residing in the bulge. Red clump giant stars are often used as standard candles for Galactic structure studies (e.g. Cao et al. (2013) We use the following values of the intrinsic luminosity values of Galactic bulge RCGs (Bensby et al. 2013; Nataf et al. 2013) : IRCG,0 = 14.44±0.04 with the colour of the red clump being centred at (V − I)RCG,0 = 1.06 with dispersion 0.06. Using these intrinsic RCG magnitudes and colours, we estimate the reddening and extinction towards event OGLE-2014-BLG-0676Lb to be (AI, E(V − I)) = (2.50, 2.09) ± (0.05, 0.07). The intrinsic source colour and magnitude values are therefore (I, V − I)S,0 = (21.02, 2.18) ± (0.12, 0.13).
In Figure 4 we also show stars observed with the Hubble Space Telescope towards a region of Baade's window (Holtzman et al. 1998) , where the central position of the red clump for each set of stars have been aligned. Shown on this diagram are the source colour and magnitude values which, with reference to the HST data, suggest that the source is marginally consistent with a star in the bulge. From the relationship given in Casagrande and VandenBerg (2014) we estimate the effective temperature of the source star to be T eff = 3604 +85 −79 K. Using this T eff value, we use the ATLAS stellar atmosphere models of Claret (2000) to obtain the linear limb-darkening coefficients for both the I band data and the MOA-red filter: (cI, cR MOA ) = (0.6014, 0.6485) where cR MOA is computed as the average of the limb-darkening coefficients in the R and I bands. We apply the stellar radiuscolour relationship of Kervella et al. (2004) to estimate the radius of the source star. Combined with our modelled value of ρ = θ /θE = (2.78 ± 0.33) × 10 −4 we estimate the angular Einstein ring radius to be θE = 1.38 ± 0.43 mas.
LENS SYSTEM PARAMETER ESTIMATION
We are unable to set tight constraints on the absolute mass of the host star in the lens system, or its distance from Earth without a credible measurement of microlensing parallax. We resort therefore to a probabilistic analysis of the nature of the lens system (Beaulieu et al. 2006; Bennett et al. 2008) , using a Galactic model (Han and Gould 2003) and assuming the distance to the Galactic centre is 8 kpc.
Using our observed value of θE, tE, and the de-extincted blend flux derived from the OGLE-I band data as the upper limit of the light contributed by the lens in this event, I b,0 = 17.202 ± 0.005, we find the lens system comprises a 3.09 Figure 5 .
The lens-source proper motion is estimated as µ rel = θE/tE = 4.33 ± 1.43 mas/yr. Following the estimation of Bennett et al. (2007) of when the HST could have resolved the lens and source components for event OGLE-2005-BLG-169L, and considering the estimated lens-source relative proper motion for OGLE-2014-BLG-0676/MOA-2014-BLG-175, HST could resolve the lens and source for this event in around 3.7 years following the event peak -corresponding to the end of 2017. In our Bayesian analysis, most of the light in this event was contributed by the lens system and thus we needn't wait for the separation of the lens and source to allow a measurement of the lens flux by HST. Adaptive optics measurements from the ground will be able to make measurements of the lens flux now for comparison to our Bayesian estimates.
There are a number of important assumptions made in the derivation of lens system parameters via such a Bayesean probability density analysis and the reader is directed to Rattenbury et al. (2015) for these.
DISCUSSION AND CONCLUSION
We found the anomalous signal in gravitational microlensing event OGLE-2014-BLG-0676/MOA-2014-BLG-175 to be consistent with a planetary lens system. The source star passed through the central caustic, with the second caustic crossing being well recorded by the MOA microlensing survey collaboration. Observations at epochs between the unrecorded first caustic crossing and the second caustic crossing were made by the OGLE, Wise and MOA collaborations. Further observations were made by the RoboNET/LCOGT and MiNDSTEp groups, but these were made at times away from the planetary signal. The best-fitting binary lens model for this event has a binary lens mass ratio of (4.78 ± 0.13) × 10 −3 and the binary lens components are separated by s = 1.347 ± 0.024, with a degenerate solution having s = 0.760 ± 0.014. This lens mass ratio is a few times greater than that found in the earlier work by Shvartzvald et al. (2016b) , in which the mass ratio for this event was reported to be q ∼ 1.4 × 10 −3 . This lower mass ratio was obtained from a coarse search of the binary lens microlensing parameter space, as this event was only one of 29 anomalous events analysed in that work.
A believable measurement of parallax for this event was not possible. We did, however, estimate the angular radius of the source star and thereby estimate the angular size of the Einstein ring radius, θE. The source star is rather faint, and very red. There is a possibility that the source may be blended with a nearby red star, causing an incorrect identification of the source star type.
A Bayesian probability analysis for the lens system parameters for this event suggests that the binary lens system for OGLE-2014-BLG-0676/MOA-2014-BLG-175 is consistent with a 3.09 The distance to the lens system is 2.22
−0.83 kpc. This measurement of the lens mass is consistent with a K-dwarf star. In our Bayesian analysis we assumed that most of the light from this event is contributed by the lens star and thus lens flux measurements with an adaptive-optics system will provide a check on our Bayesian estimates of the lens system.
In any event, planet OGLE-2014-BLG-0676Lb can be added to the growing list of planets discovered by microlensing against which planetary formation theories can be tested. 
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